Abstract: (Poly)phosphonic acids constitute an exciting family of phosphorus compounds. One of the attractive attributes of these molecules is the rich chemistry of the phosphonate moiety, and, in particular, its high affinity for metal ions and mineral surfaces. Whether the phosphonate group belongs to a "small" molecule or to a polymeric matrix, phosphonate-containing compounds have found a phalanx of real-life applications. Herein, we address a special category of phosphorus compounds called bisphosphonates (BPs, a.k.a. "-dronates") and also phosphonate containing polymers. The success of BPs in mitigating osteoporosis notwithstanding, these "-dronate" drugs present a number of challenges. Nevertheless, the main drawback of BPs is their limited oral bioavailability. It is, therefore, imperative to design and fabricate "smart" systems that allow controlled delivery of the active BP agent. Here, easy-to-prepare drug delivery systems are presented based on silica gels. These have been synthesized, characterized, and studied as hosts in the control release of several BP drugs. They exhibit variable release rates and final % release, depending on the nature of bisphosphonate (side-chain length, hydro-philicity/-phobicity, water-solubility), cations present, pH and temperature. These gels are robust, injectable, re-loadable and re-usable. Furthermore, alternative drug delivery systems are presented that are based on metal-organic frameworks (MOFs). In these biologically acceptable inorganic metal ions have been incorporated, together with BPs as the organic portion. These materials have been synthesized, characterized, and studied for the self-sacrificial release (by pH-driven dissolution) of the BP active ingredient. Several such materials were prepared with a variety of bisphosphonate drugs. They exhibit variable release rates and final % release, depending on the actual structure of the metalbisphosphonate material. Lastly, we will present the use of phosphonate-grafted polymers as scale inhibitors for water treatment applications.
Introduction
Phosphorus (P) chemistry is widespread among literally all chemistry disciplines [1] . A few examples include the fact that P is an important element for plants [2] , and a key ingredient in all forms of fertilizers [3] . In nature, P exists in the "V" oxidation state, in the form of phosphate anion. Rocks containing phosphate are fluoroapatite [3Ca 3 (PO 4 [6] . Phosphate is the major inorganic constituent of bones and teeth in mammals and fish [7] . From an industrial and economical view point, P-containing compounds are important commodities [8] . Thus, the chemistry of P has academic, commercial and industrial significance.
The present paper focuses on two types of P compounds. The first embraces chemicals that are called phosphonic acids (Fig. 1) [9] . The second includes P-containing polymers of various types (Fig. 2 ) [10] . , and phosphonomethylated chitosan (PCH, lower). The inhibitory effects additives PEGP [11] and PCH [12, 13] are not presented herein, as they have been reported before.
Bisphosphonate compounds (Fig. 1 , right) are well-known drugs for several pathological conditions of calcium metabolism since 1977, with osteoporosis being the most prominent [14] . Their commercial names have the ending "-dronate". For example, etidronate is a member of the first generation osteoporosis drugs. In spite of their widespread use, they demonstrate a number of problematic issues including fast excretion [15] , and several side effects, such as osteonecrosis of the jaw, hypocalcemia, esophageal cancer, ocular inflammation, atrial fibrillation, etc. [16] . Their main disadvantage, however, is their low oral bioavailability (<6 %). This leads to increase drug dosage to achieve the necessary therapeutic level. Hence, design and fabrication of systems that allow controlled delivery of the active bisphosphonate drug are necessary. Some preliminary results have been published recently [17] .
In this context, we developed three types of controlled delivery systems: (a) hydrogels based on silica, (b) surface-grafted silica hydrogels with (3-aminopropyl)triethoxysilane (APTES), and (c) metal bisphosphonate compounds/coordination polymers. In systems (a) and (b) the bisphosphonate drug is entrapped into the silica (or modified silica) matrix, whereas in system (c) the bisphosphonate ligand/linker is the active drug.
The P-containing polymers that are presented here are aimed towards a different application. They are efficient inhibitors of silicic acid polycondensation, a process that produces colloidal silica. The latter is a problematic precipitate/deposit in industrial water systems. The silicic acid polycondensation process and the physicochemical factors that influence it have been part of on-going investigations in our laboratory. The goal is to prevent silica formation, by stabilizing silicic acid, through the discovery and application of chemical scale inhibitors and additives [18] [19] [20] [21] [22] [23] .
Experimental section Materials
The bisphosphonate compounds studied in this work are shown in Table 1 . Sodium silicate pentahydrate, Na 2 SiO 3 · 5H 2 O, silicic acid (<20 micron, refined, 99.9 %) and potassium hydroxide was purchased from SigmaAldrich. Etidronic acid (either as solid tetrasodium salt or as acid in aqueous solution) was used as received from Solutia Inc. Deuterium oxide (99.9 atom % D) that contained 0.05 wt. % 3-(trimethylsilyl)propionic-2,2,3,3-d 4 acid, sodium salt purchased also from Sigma-Aldrich. Deionized water from an ion-exchange resin was used for all experiments and stock solution preparations. 
Instrumentation
An AVANCE 300 (Bruker, Karlsruhe, Germany) spectrometer was used for the BP release experiments. SEM data and images collected with a JEOL JSM-6390LV electron microscope.
General comments on the synthesis of bisphosphonates
Alendronate and neridronate [24] , C3BP (disodium salt) and C5BP (disodium salt) [25] and C3NBP [24, 25] were synthesized and characterized as reported in the literature. P NMR spectra were recorded on a 600 MHz spectrometer operating at 600.2 and 243.0 MHz, respectively; 13 C NMR spectra were recorded on a 500 MHz spectrometer operating at 125.8 MHz. The solvent residual peak was used as a standard for 1 H measurements in D 2 O (4.79 ppm) and in 13 C measurements CD 3 OD were added to be as a reference (49.00 ppm) [26] . Eighty five percent H 3 PO 4 was used as an external standard in the 31 P measurements. The n J HH couplings were calculated from proton spectra and all J values are given in Hz. The n J CP couplings were calculated from carbon spectra with the coupling constants given in parenthesis as Hz. Mass spectra were recorded with a Finnigan LCQ quadrupole ion trap mass spectrometer (Finnigan MAT, San Jose, CA, USA) equipped with an electrospray ionization source. The purity of the products was determined from 1 H and 31 P NMR spectra and was ≥95 % unless stated otherwise.
Synthesis of 1-hydroxybutane-1,1-bisphosphonic acid disodium salt (C3BP)
Butyric acid (12.5 g, 0.14 mol), phosphorus acid (11.6 g, 0.14 mol) and methanesulfonic acid (40 mL) were heated to 65 °C with stirring in a flask with a reflux condenser and a CaCl 2 -tube. PCl 3 (25.0 mL, 0.29 mol) was added drop-wise during 0.5 h and the mixture maintained at 65-70 °C overnight. Water (100 mL) was added to the cooled mixture and the solution was refluxed overnight. The reaction mixture was cooled to room temperature and the product was solidified after pH adjustment to approx. 6-7 with 50 % NaOH. After the solids were filtered, washed with EtOH (300 mL), the crude product was purified by stirring first with distilled water (120 mL) and after 0.5 h stirring EtOH (350 mL) was added and the mixture stirred additional 1 h. Pure product was filtered, washed with EtOH (400 mL) and finally with acetone (300 mL) and dried under vacuum. 1-hydroxybutane-1,1-bisphosphonic acid disodium salt (33.5 g, 85 %) was obtained as a white powder. 1 
Preparation of gels
Herein, the synthesis of an ETID-loaded gel is described, as an example. All other BP-loaded gels were prepared in the same manner. The synthesis of each BP-loaded gel was repeated four (4) times using identical shape and diameter (5 cm inner diameter) borosilicate glass beakers. In a beaker 10 mL of DI water was added. In this a quantity (0.66 g, 3.14 mmol) of sodium metasilicate pentathydrate was dissolved, together with 0.50 g, (1.70 mmol) of tetrasodium ETID, while keeping the solution under stirring. The pH value of this solution was ~12.5. The pH was adjusted to 7.00 with the use 0.75 mL of concentrated HCl (37 %). This particular pH value was selected because the polymerization of silicic acid has the highest rate there. Gel formation commences within 10 min, however the freshly formed and "loose" gel was allowed to mature for 12 h, after which a shapely and almost translucent gel formed. Gel preparation can be reproducibly repeated and can be modified by altering the amount of Na + ions, replacing the alkali ion, or changing the entrapped BP. BP-containing gels for all remaining BPs were prepared in the same manner, using quantities shown in the Table 2 .
Controlled release of BPs from gels
On top of the solidified gel (see above), a volume of deionized (DI) water (50 mL), pre-acidified to pH ~ 3 was carefully poured. This marked the initiation of the controlled release process (t = 0), which continued for 48 h. For the initial 6-h period an aliquot of 0.350 mL was withdrawn from the supernatant every hour. After the 6 th h and for the next 12 h, sampling was performed every 3 h. Finally, after the 18 th h and until the end of the release experiment (at the 48 th h) sampling was performed every 8 h. The withdrawn samples were mixed with 0.150 mL of deuterium oxide (99.9 atom % D) that contained 0.05 wt. % (4.3375 μmol) 3-(trimethylsilyl) propionic-2,2,3,3-d 4 acid, sodium salt, TSP) as standard.
1 H NMR spectra were recorded on a Bruker AVANCE 300 MHz NMR (Bruker, Karlsruhe, Germany) spectrometer at 293.2 K operating at a proton NMR frequency of 300.13 MHz. Standard solvent (D 2 O) was used as internal lock. Each 1 H spectrum consisted of 32 scans requiring 3 min. and 39 min. acquisition time with the following parameters: spectral width = 20.5671 μs, pulse width (P1) = 15.000 μs, and relaxation delay (D1) = 4.000 s. Polynomial 4 th -order baseline correction was performed before manual integration of all NMR spectra. Proton chemical shifts in D 2 O are reported relative to TMS and peaks were integrated according to TSP. The characteristic peaks for each compound were integrated using the integration tool available from the Bruker software (TopSpin 3.2). For each compound we selected the integration value of the sharpest peak. All the integration values were cross-checked in order to ensure the best result for each compound.
Mathematical data treatment
All aliquot samples withdrawn from the supernatant were measured using 1 H, 13 C, and 31 P NMR spectroscopy. The quantification of the released BP was based on integration of peaks in the 1 H spectrum and was made possible by using deuterium oxide 99.9 atom % D as solvent, that contains 0.05 wt. % 3-(trimethylsilyl)propionic-2,2,3,3-d 4 acid sodium salt, TSP, as standard. Each release experiment was repeated 4 times in order to achieve maximum reproducibility and satisfactory statistics. Each release experiment consisting of 15 samplings/measurements, and repeated 4 times, was treated with the IGOR Pro 6.05 software.
The last step in the mathematical treatment of the results was the creation of a universal curve in the form f(t) = a * e −b*t + c that depicts the average value of the diffusion of the phosphonate from the silica hydrogel, including standard deviation (Fig. 3) .
Factor "a" of the equation is the "frequency factor" and it is related to the entropy difference between the gel and the liquid phase. Factor "b" is the exponential parameter that describes the energy statistical distribution of the molecules through desorption. Constant "c" describes all the remaining interactions between the different phases (diffusion inside the gel, diffusion in the liquid, adsorption etc). The variable "t" is the time (Table 3) . [27] .
Synthesis of Ca-ETID

Tablet preparation for controlled release
Tablets were prepared that contained the ETID drug as active agent (0.250 g, 850.5 μmol of tetrasodium ETID) and three common excipients, cellulose (0.250 g), lactose (0.250 g) and silica (0.250 g). The solid ingredients were mechanically ground in a mortar and pestle, until a free-flowing powdery solid sample was obtained. The powder was then transferred to a hydraulic press that produced the tablet (10 bar pressure). Those tablets were referred to as the "control" curve in the release diagrams. Also, tablets were prepared that contained Ca-ETID as the active agent in equimolar quantity as the "control" tablet (0.260 g, 850.5 μmol of Ca-ETID) and the same excipients cellulose (0.247 g), lactose (0.247 g) and silica (0.247 g). The total weight of each tablet was 1.000 g.
Quantification of ETID released from tablets
The quantification of ETID release vs. time was carried out with NMR spectroscopy. Specifically, in a 100 mL glass beaker, 50 mL of deionized water were added and the pH was adjusted to 1.3 with hydrochloric acid. The tablet (as prepared above) was placed in a plastic net and was immersed into the solution just above the stirring bar. Mild stirring was applied to ensure solution homogeneity. 
Synthesis of PPEI polymers
All PPEI polymers were synthesized according to literature procedures [28, 29] .
Protocols for the stabilization of silicic acid
These procedures have been published before [12, 30] .
Determination of molybdate-reactive silica (silicomolybdate method)
Molybdate-reactive silica (mainly mono-and some disilicic acid) was quantified using the well-established silicomolybdate spectrophotometric method [31] . As in our previous studies, we used the "yellow molybdate" method (using Spectrophotometer HACH DR/890) as follows: 2 mL from the working solution is filtered through a 0.45 μm syringe filter and then diluted to 25 mL in a special cylindrical cell of 1 cm path length, made of quartz. Next, 1 mL of ammonium molybdate stock solution and 0.5 mL of HCl (1:1 dilution of the concentrated solution) are added to the sample cell, the solution is shaken well and left standing for 10 min. Afterward 1 mL of oxalic acid solution is added and the cell contents are mixed well. The solution is set aside for 2 min. The photometer is now set to "zero absorbance" using a sample of deionized water ("blank"). Finally, the sample absorbance is measured (at 452 nm) and is expressed as "ppm SiO 2 ". The detectable concentration range for this specific protocol is 6 − 75 ppm. To calculate the concentration in the original solution, an appropriate dilution factor (×27.5/2) is applied. The basic working principal of the silicomolybdate test is that ammonium molybdate reacts only with mono-and disilicic acid and any phosphate present and forms yellowcolored complexes. This reaction requires acidic environment in order to take place, and this is why the hydrochloric acid is added to the samples. It should be noted that colloidal silica does not participate in the reaction and thus does not affect the intensity of yellow color, which is proportional to the concentration of the reactive silica present in the sample experiment. Oxalic acid is added to destroy any molybdophosphoric acid formed, leaving the silicomolybdate complex intact, and thus eliminating any color interference from phosphates.
Results and discussion
Characterization of BP-loaded hydrogel and dried gel systems
All studied BPs possess the same substituent environment around the central carbon atom (two phosphonate and one hydroxyl moieties), while the R side chain is variable. Hence, the selection criteria were based on features of R such as polarity, hydrophobicity-philicity, and end-groups. Two groups of BPs have been selected, one that possess a systematically elongated hydrophobic alkyl chain (ETID, C3BP, and C5BP), and the second with the systematically elongated aminoalkyl chain (PAM, ALE, C4NBP and NER). It has been shown in previous studies that the nature of the BP side chain affects drug effectiveness in case of the commercial BP drugs [32] .
Three types of hydrogels, "control" (i.e. without BP), "loaded" with BP and "empty" after BP release have been studied by SEM-EDS (after supercritical drying, Fig. 4 ) and, as expected, they display amorphous features (by powder XRD). Samples were treated several times and in series with Ethanol/H 2 O solutions, 30/70, 50/50, 70/30, 90/10, and finally 100/0, in order to achieve complete dehydration. Then a typical protocol of CPD was followed before SEM studies.
ATR-IR spectra were collected for all "pure" BPs and dried "loaded" gels. Some selective spectra of drugloaded (ETID, C3BP, and C5BP) dried gels are shown in Fig. 5 . The ATR-IR spectra reveal the presence of BPs based on the characteristic peaks of phosphonate group. Although full assignments are difficult, the region of 900-1100 cm −1 can be used as "fingerprint" [33] . Unfortunately, the spectra are complicated by the fact that the Si-O-Si vibrations from the gel appear in the same region [34] .
BP-loaded hydrogels were exposed to excess of water and their water uptake/absorption ability has been evaluated. The results (Figs. 6 and 7) prove that they do not absorb additional water, and the synthetic procedure followed produces hydrogels that are saturated in water. Their weight differences vary slightly between ~0.5 % and ~3.2 %.
On the other hand, the swelling behavior of dried gels was also studied. Variable behavior was noted. For example, the "empty" (without BP drug) dried gel re-absorbed only ~1.3 % water. The PAM-loaded gel gained ~12.2 % of its weight. In contrast, the ETID-loaded gel lost ~34.6 % of its weight. We assign this weight loss to the hydrophobic nature of the -CH 3 group on the side-chain of ETID.
All hydrogels collapse upon drying. "Empty", ETID-loaded, and PAM-loaded hydrogels were used for N 2 sorption measurements in order to obtain nitrogen sorption isotherms at 77 K and BET plots. Results of the adsorption studies presented are shown in Fig. 8 . The downward trend is consistent with the BP drug partially filling the voids within the gel, a fact that is corroborated by the observation that when the BP molecular size increases (from ETID to PAM) the SSA dramatically drops.
Controlled release of BP drugs from hydrogel and dried gel systems
BP-loaded gels were subjected to 48-h controlled release experiments (each repeated at least 4 times, with excellent reproducibility, ±3 % error).
1 H NMR signals were used to quantify the amount of BP released to the supernatant aqueous solution. Release curves for the family of BPs with hydrophobic side chains (ETID, C3BP, C5BP) are presented in Fig. 9 . The BP with the shortest alkyl side-chain (ETID) exhibits the fastest release, followed by C3BP (with a n-propyl side-chain). The BP with longest n-pentyl side-chain (C5BP) demonstrates the slowest release rate. All release experiments reach a plateau after ~20 h, most likely due to saturation of the aqueous phase. The final % BP released in solution after the plateau is reached follows the same ranking, ETID (72 %) > C3BP (54 %) > C5BP (48 %). Controlled release results for the family of hydrophilic, amine-containing side-chains BPs are quite intriguing (Fig. 10) . It is clear that the presence of the amine group on the side chain enhances release rate as well as the final value of % release. The shortest member of the family (PAM) exhibits the fastest release rate and the highest plateau (82 %), a fact that agrees with the previous studies for the non-polar side chain BPs (Fig. 9) . Also, side chain elongation decelerates release and lowers the final values. Nevertheless, sidechain length increase beyond three atoms (two C's, one N) does not induce systematic release reduction, as the results are nearly indistinguishable, thus pointing to a strong effect from the amine end-functionality overwhelming that of the chain lengthening.
The above results (Figs. 9 and 10) that exhibit some important trends for the amino-BPs and non-polar side-chain BPs release rates and final % release can be correlated with their aqueous solubility trends as described by Alanne et al. [24, 35] . Based on the solubility data reported in there, solubility curves can be constructed of the alkyl-BPs (non-polar side-chain) and the aminoalkyl-BPs (polar side-chain) (Fig. 11) . It is worth-noting that the solubility of alkyl-BPs is ~ two orders of magnitude higher than that of the aminoalkyl-BPs. This may seem counter-intuitive at first glance, because the aminoalkyl-BPs possess an amino end that enhances hydration, and hence, should increase solubility. The explanation for the dramatically reduced water solubility of aminoalkyl-BPs lies with their crystal structures. In the crystal structures of PAM [36] , ALE [37] , and NER [38] acids, the basic amino group is always protonated and participates in a rich network of hydrogen bonds, usually with the phosphonate moieties of neighboring molecules. This creates a dense packing resulting in very stable crystal lattice, which is difficult to break with water. In contrast, in the structure of ETID [39] such dense packing is absent, therefore the dissolution effect of water is enhanced. Unfortunately, crystal structures of C3BP and C5BP have not yet been published. Correlation between water solubility and the side-chain length in alkyl-BPs (with non-polar alkyl side-chain, upper) and in aminoalkyl-BPs (with polar, aminoalkyl side-chain, lower). Solubility data for the alkyl-BPs [24] and the aminoalkyl-BPs [35] were taken from the literature.
Step-wise experiments were designed and carried out to explore the reasons why the equilibrium reached after 24 h, and whether the remaining BP can be quantitatively delivered. The supernatant fluid was replaced with "fresh" aqueous medium after 48 h. The results for three step-wise release stages for the ETID-and PAM-loaded gels strongly support the conclusion that after equilibrium is "reset", BPs' release continues eventually reaching a final, essentially quantitative value. Significantly, there is no detectable BP entrapped in potentially inaccessible hydrogel pores, as indicated by the quantitative final release within 144 h.
Reloadability of hydrogels was tested by comparing release curves of freshly prepared and externally loaded (with ETID) gels together with a second BP-loaded gel that was exposed in the three step-wise release process ("used" and completely unloaded gel). This parallel set-up was exposed for 48 h to an aqueous supernatant that contained the same amount of BP (0.500 g of ETID) in order to assess whether the hydrogel will be externally loaded. Results indicate that both gels absorbed ~20 % of supernatant's dissolved ETID. Then the ETID-"externally" loaded gels were subjected to the usual release conditions, delivering ~ 60 % of the externally absorbed ETID (Fig. 12) . Release curve profiles in both cases revealed an almost identical to the "default" silica matrix behavior in terms of release rate and final % BP release. Even though the "re-loadability" may not seem to be necessary in drug/pharmaceutical applications, the above results prove that both gels ("freshly-prepared" and "used", after release) are robust and re-loadable. This conclusion adds an interesting property that may be useful for environmental applications e.g. sustainable aquatic anti-pollutant systems.
Hydrogel density is another factor that can assist in a priori "programming" the hydrogels release behavior. Initially, it had been observed that the concentration of sodium silicate in gel preparation affects the macroscopic properties of the gel (color, brittleness). Gels with two and four times higher sodium silicate concentration than the initial (default gel) were prepared and BP drug release studies were performed in each case. Figure 13 depicts the clear differences in release rates and final % release between three gels of variable density, i.e. 6.66 %, 13.32 % and 26.64 % in sodium silicate.
The drug release characteristics of drug-loaded dried gels were also assessed. Preliminary studies were performed on dried ETID-and PAM-loaded gels. The prepared hydrogels (see Experimental Section) were placed in an oven overnight at 100 °C. The isolated solids were milled and a manual hydraulic press was used to transform them into pellets (applied pressure 15 tons). Then, the pellets were placed into plastic nets, which were immersed carefully into the top part of the supernatant (50 mL de-ionized water, pre-acidified at pH = 3). Gentle magnetic stirring was applied to ensure homogenous sampling conditions. The same sampling protocol was followed for the construction of the release curves, as the one for the hydrogels.
Drug release data from dried gels (pellets) reveal that ETID and PAM demonstrate faster release than that from the "authentic" hydrogels (Fig. 14) . Moreover, PAM follows faster release than ETID, in agreement with the studied hydrogels. In both cases a plateau is reached after the 9 th h. It is worth-noting that the dried gel systems released the active BP drugs 10 h earlier than the hydrogels. Also, besides fast release, the dried gel systems release almost 100 % of the loaded drug after the plateau is reached. Finally, the described BP-drug-loaded hydrogels are injectable (Fig. 15) . This opens interesting possibilities in the technology of drug delivery, a theme that is currently explored in our laboratory.
Controlled release of ETID from APTES-modified silica hydrogels
Silica hydrogels were modified with the grafting agent (3-aminopropyl)triethoxysilane (APTES). The hypothesis put forth was that the presence of the -NH 2 moiety (actually protonated at the conditions of the experiment) would create additional ionic and/or hydrogen bonding interactions with the anionic phosphonate groups of ETID, and thus further delay the release. The same synthetic procedure was followed as for the ETIDloaded hydrogels, with the difference that APTES was added to the mixture at an APTES:silicate 1:10 molar ratio. These APTES-modified hydrogels were left to mature for 4 days in order to ensure complete grafting. After 4 days, 1 H NMR spectra of the supernatant aqueous phase did not show any APTES present, a strong indication that grafting was quantitative. The APTES-modified ETID-loaded gels were subjected to the same controlled release experiment as the "authentic" silica hydrogels. Comparative results are shown in Fig. 16 .
Initial drug release rates are identical among the two evaluated hydrogels (up to the 5 th h). Afterwards, a distinct difference in release rates is observed, with the APTES-modified silica hydrogel demonstrating a "delay" effect, and finally a lower % release than the "authentic" silica hydrogel. It is likely that the identical initial release rates observed are due to the fact that loosely "bound" ETID molecules are released first in both systems. After their release, the remaining ETID molecules are those that interact with the amino group of APTES, and demonstrate a delayed release. Figure 17 presents a comparison between the controlled release of ETID from "control" and "Ca-ETID" tablets. ETID release from the "control" tablet (containing "free" ETID and excipients only) is rapid, reaching 100 % in the first 10 h. A plateau is reached, which is maintained until the end of the release experiment (240 h). ETID release from Ca-ETID-containing tablets is much slower. For comparison, it reaches only ~30 % after 10 h, whereas release from the "control" tablet is quantitative at the same sampling time. Interestingly, a plateau is reached after ~190 h, which corresponds to 90 % total release. It is noteworthy that replacing the supernatant solution with "fresh" solution allows the controlled release to continue and reach 100 %. The profound differences in the rate and the total release between the "free" and Ca-ETID tablets can be rationalized based on the structure of the Ca-ETID compound. The structure of Ca-ETID [27] can be described as 1D chain architecture. The coordination environment of the Ca 2+ center, the chelation mode of ETID, and the structure of a single 1D chain in Ca-ETID along the a axis are shown in Fig. 18 . The Ca 2+ center is 7-coordinated by five phosphonate oxygens from three different ETID ligands, one -OH group and a water molecule. One ETID ligand acts as a tridentate chelate (two phosphonate oxygens and one -OH), one acts as a bidentate chelate (two phosphonate oxygens) and the third as a monodentate ligand (one phosphonate oxygen). Each ETID exists as a dianion in the structure (balancing the charge of the Ca
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2+
) and coordinates to three Ca 2+ centers. The bridging ability of ETID creates a "double chain" that runs along the a-axis. There are 2.5 waters of crystallization (depicted as blue spheres in Fig. 18 ) that hold the chains together via a rich network of hydrogen bonds. The structure of tetrasodium ETID, used for the release experiments as the "control", is unknown, but one can assume that the four Na + ions in the lattice are coordinated by the phosphonate oxygens. Once the crystal lattice is exposed to the low pH of the solution surrounding the tablet, a combined action of hydration and hydrolysis of the Na-O bonds occurs. The weak and principally ionic Na-O bonds are then ruptured, thus releasing free ETID. The structure of Ca-ETID, on the other hand, contains strong Ca-O bonds that are much more resistant to hydrolysis, due to the high affinity of ETID for Ca 2+ cations [40] . We assign the slower release of ETID from Ca-ETID tablets to the resistance of the Ca-ETID dissolution via hydrolysis.
Silica scale inhibition by phosphorus-containing polymers
For this part of the work, we used the cationic polymer PEI and its phosphonomethylated derivative, the zwitterionic polymer PPEI (Fig. 2) as inhibitors for colloidal silica formation. Their inhibitory efficiency was tested in "long-term" (up to 3 days) and "short term" (8 h) experiments. Long term experiments are an important time frame for scale inhibitors, as it evaluates the ability of a certain inhibitor to prevent scale formation for a prolonged time period. Short term experiments examine the silica polycondensation in its early stages. First, useful comparisons can be made between the non-phosponated PEI and the fully (100 %) phosphonated PPEI, see Fig. 19 . It is noted that the inhibitory efficiency of both polymeric inhibitors is dosage-dependent, but in a dramatically different way. For PEI, as inhibitor dosage increases, inhibition drops. In contrast, the inhibitory efficiency of PPEI is directly proportional to dosage increase, but reaches a plateau beyond 60 ppm.
The inhibition superiority of PPEI compared to that of PEI is clearly shown in Fig. 20 , where the extra stabilization (PPEI over PEI) is plotted vs. inhibitor dosage. A slight decrease is noted for the 80 ppm dosage. This is an indication that at high inhibitor concentrations polymer entrapment into the colloidal silica matrix occurs. This has been observed previously for other polymeric inhibitors [12, 13, [41] [42] [43] .
The results presented in Figs. 21 and 22 establish that by grafting anionic phosphonate moieties onto the PEI backbone, thus creating the zwitterionic PPEI polymer, profoundly increases dramatically the inhibitory activity. However, this is true for the fully grafter PPEI (100 % phosphonomethylation). Hence, in order to evaluate the effect of the extent of phosphonometylation on inhibitory activity, a series of partially grafted PPEI's were studied. For direct comparison reasons, the 60 ppm dosage was studied for all inhibitors after 8 h of condensation time. These results are shown in Fig. 21 . There appears to be an almost linear dependence of inhibitory activity on % grafting degree. The maximum inhibition performance is achieved when PPEI is fully (100 %) substituted, offering 80 % inhibitory efficiency. The effect of phosphonomethylation degree was also evaluated for longer time periods, up to 3 days. The results are shown in Fig. 22 . It appears that all phosphonomethylated PEIs (from 40 to 100 %) are able to inhibit the formation of colloidal silica for extended polycondensation times. It is obvious that time negatively affects inhibitory efficiency, hence, the inhibitors are only able to delay but not stop the silicification process. Nevertheless, silicic acid levels are well above the control, particularly for the PPEI (full) inhibitor. It demonstrates a ~75 % efficiency at 24 h, ~63 % after 48 h, and ~52 % after 72 h. It is therefore an efficient long-term silica inhibitor.
Conclusion
In this paper we discussed selected aspects of phosphorus chemistry: (a) The controlled release of BP osteoporosis drugs from several drug delivery systems, such as silica hydrogels, dried gels, APTES-grafted hydrogels, and metal phosphonate hybrid coordination networks. (b) The silica inhibitory activity of phosphonomethylated polyethyleneimine (PPEI).
To our knowledge, there are no reports in the literature on BP release from silica-based hydrogels. However, a limited number of other BP controlled release systems have been reported. Mesoporous silica was used for confinement and controlled release of bisphosphonates [44] . Nanocomposite hydrogels based on hyaluronic acid and self-assembled bisphosphonate-magnesium (BP-Mg) nanoparticles were reported [45] . Calcium-Zoledronate complexes were used as a potential nanocarrier for pDNA delivery [46] . ETID release from Na-and Ca-ETID impregnated silicone matrices has been reported [47] . Spherical Zoledronate-Ca@ DOPA composites (DOPA = 1,2-dioleoyl-sn-glycero-3-phosphate monosodium salt) were dispersed in 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000, and the pH-dependent controlled release of Zoledronate was evaluated [48] . The therapeutic effects of Ga-and Gd-alendronate were examined in the rat model of restenosis [49] . First row transition metal complexes (M = Co ) with ibandronate showed antiparasitic activity [50] . Although a direct comparison of these drug release systems with our systems reported herein is not possible, these reports emphasize the intense interest of the scientific community in the fabrication of effective BP controlled release systems.
Our results reported herein add to the rich milieu of phosphorus chemistry, with specific applications in pharmaceutics and industrial water treatment.
